The inclusion of nuts in the diet is associated with a decreased risk of coronary artery disease, hypertension, gallstones, diabetes, cancer, metabolic syndrome, and visceral obesity. Frequent consumption of berries seems to be associated with improved cardiovascular and cancer outcomes, improved immune function, and decreased recurrence of urinary tract infections; the consumption of nuts and berries is associated with reduction in oxidative damage, inflammation, vascular reactivity, and platelet aggregation, and improvement in immune functions. However, only recently have the effects of nut and berry consumption on the brain, different neural systems, and cognition been studied. There is growing evidence that the synergy and interaction of all of the nutrients and other bioactive components in nuts and berries can have a beneficial effect on the brain and cognition. Regular nut consumption, berry consumption, or both could possibly be used as an adjunctive therapeutic strategy in the treatment and prevention of several neurodegenerative diseases and age-related brain dysfunction. A number of animal and a growing number of human studies show that moderate-duration dietary supplementation with nuts, berry fruit, or both is capable of altering cognitive performance in humans, perhaps forestalling or reversing the effects of neurodegeneration in aging.
INTRODUCTION
There are very few foods that have experienced such vindication and renaissance as tree nuts and berries. Twenty years ago they were overlooked, considered only as a snack or a seasonal delight, by nutrition experts and the general public. However, recently they have risen to prominence as superior healthy foods that can significantly benefit people's well-being. Studies conducted in animals and humans have shown that frequent (preferably daily) inclusion of nuts in the diet is associated with decreased risk of coronary artery disease, hypertension, gallstones, diabetes, cancer, metabolic syndrome, and visceral obesity; protection against aging; and improved semen quality (1) (2) (3) (4) (5) (6) (7) (8) (9) . The frequent consumption of berries seems to be associated with improved cardiovascular and cancer outcomes, improved immune functions, and decreased recurrence of urinary tract infections (10) . In addition, the consumption of nuts and berries seems to be beneficial with regard to oxidative damage, inflammation, vascular reactivity, platelet aggregation, and immune functions (11) (12) (13) (14) (15) . Nevertheless, there is only a limited amount of research that is focused on the health benefits of nuts and berries on the human brain, different neural systems, and cognition.
The most commonly consumed tree nuts are almonds (Prunus dulcis), cashews (Anacardium occidentale), hazelnuts (Corylus colurna), macadamias (Macadamia integrifolia and tetraphylla), pistachios (Pistacia vera), pecans (Carya illinoinensis), and walnuts (Juglans regia). Peanuts (Arachis hypogaea), although botanically legumes, have a very similar nutrient profile to tree nuts; therefore, they are included in this review.
Nuts are energy-dense foods that are particularly rich in fat, mostly MUFAs and PUFAs. They also contain a substantial amount of plant protein (source of tryptophan, arginine, lysine), vitamins (folate, riboflavin, and a-, b-, g-, and d-tocopherols), minerals (calcium, phosphorus, magnesium, potassium, and sodium), trace elements (zinc, copper, and selenium), soluble fiber (raffinose and stachyose), and a number of other potentially neuroprotective compounds such as melatonin and numerous polyphenols ( Table 1 ) (16) .
The most commonly consumed berries are blackberries, black raspberries, blueberries, cranberries, red raspberries, and strawberries. Included in this review are also studies on grapes because of their similar nutrient profile to berries. Contrary to nuts, they are low in energy and high in moisture and soluble fiber. They contain natural antioxidants (ascorbic acid, a-and b-carotene, lutein, zeaxanthin, and a-, b-, g-, and d-tocopherols), vitamins (niacin and folate), minerals/trace elements (potassium, calcium, and selenium), and polyphenols, particularly flavonoids (anthocyanin and ellagitannins) ( Table 2 ) (16) .
There are several pathologic bases for the decline in cognitive and motor performance associated with aging and neurodegenerative diseases. First, poor vascular health contributes to agerelated decline in the brain and in cognition (17, 18) . Second, oxidative stress and inflammation are at the center of age-related neuronal dysfunction and neurodegenerative diseases (19) . Nutrients contained in nuts and berries seem to promote vascular health and mediate oxidative stress and inflammation and consequently have the potential to advance better cognitive health.
In this review, we summarized the recent knowledge on the expanding area of nuts and berries on cognition. The effects of nuts or berries directly on cognition, as well as related indirect outcomes (presence or absence of substances influencing cognition and cognitive performance), will be addressed.
COGNITION
Cognition is a group of mental processes that includes attention, producing and understanding language, learning, reasoning, problem solving, and decision making (20) . Cognition can also be defined broadly by aggregated concepts such as intelligence, memory, or mood (affect). Most of the research on the relation between nutrition and cognitive function has been conducted by using animal or pathologic populations, with a limited number of human studies.
Nuts and cognition

Animal and cell studies
The first landmark study to show the beneficial effect of tree nut consumption on cognitive abilities was published in 2008. The study reported the potential benefit of walnuts on cognitive behavior in aged rats (21) . In this study, 19-mo-old Fischer (F344) rats were fed diets containing 0%, 2%, 6%, or 9% ground walnuts with skins for 8 wk. The animals were tested by using 5 agesensitive tests of psychomotor behavior (rod walking, wire suspension, plank walking, inclined screen, and accelerating rotarod) and the Morris water maze (MWM) 4 for reference memory (acquisition trial) and working memory (retrieval trial). The 2% and 6% walnut-supplemented diets improved performance on motor tests that rely on balance, coordination, and strength, whereas the 9% walnut diet actually impaired performance. All of the walnut diets improved working memory in the MWM, although the 9% diet showed impaired reference memory. Whereas too many walnuts were disadvantageous, the most positive effect was reported at the 6% amount, which is in line with US Food and Drug Administration recommendations for nut consumption for humans (22) . A 6% walnut diet is approximately equivalent to a human eating 28 g (1 oz) walnuts daily. The 6% amount of dietary supplementation with walnuts was determined on the basis of studies reporting a reduction in LDL cholesterol in human subjects who consumed walnuts (21) .
The brains of aged rats fed walnuts were evaluated for polyubiquitinated proteins (23) . An increase in the aggregation of misfolded/damaged polyubiquitinated proteins is the hallmark of many age-related neurodegenerative diseases. The accumulation of these potentially toxic proteins in the brain increases with age, in part the result of increased oxidative and inflammatory stresses. It was found that rats fed the 6% and 9% walnut diets showed significantly reduced aggregation of polyubiquitinated proteins and activation of autophagy, a neuronal housekeeping function in the striatum and hippocampus. Walnut-fed animals exhibited upregulation of autophagy through inhibiting phosphorylation of rapamycin (mTOR), upregulation of ATG7 and Beclin 1 genes, and turnover of microtubule-associated protein 1 light chain 3 (MAP1B-LC3) proteins. The clearance of polyubiquitinated protein aggregates such as sequestosome (p62/SQSTM1) was more profound in the hippocampus, a critical region in the brain involved in memory and cognitive performance (24) .
In another recent study (25) , rats were fed 80 mg of finely crushed walnuts for 28 d mixed with water (the equivalent human dose would be 27 g of walnuts for a 60-kg person). A significant improvement in learning and memory was observed as measured by elevated-plus and radial arm mazes. Walnuts are a rich source of tryptophan, which is the precursor for serotonin. Increases in brain serotonin concentrations may protect against depression and anxiety, as well as enhance memory functions. Walnuts also contain several other neuroprotective compounds such as vitamin E, folate, melatonin, a-linolenic acid (18:3n-3) and numerous polyphenolic components. It seems that walnuts could be effective in slowing down age-related cognitive decline and enhance memory functions.
Almonds have been studied as possible supplemental therapy in cognitive dysfunctions such as dementia in Alzheimer disease (26) . Male albino rats were fed 150, 300, or 600 mg almond paste/kg daily for 7-14 d. The dose amounts were selected by the conversion of conventional human doses into animal doses; the human dose of almonds would be 5 to 6 nuts daily (6 g). The almond-fed rats showed significant reversal of scopolamine-induced cognitive impairment as tested in the elevated-plus maze and in the passive shock-avoidance paradigm. The memory-improving activity of almonds may be attributed to their anticholinesterase, procholinergic, and cholesterol-reducing properties.
Three in vitro studies with walnuts extracts have shown that walnuts might counteract oxidative damage and cell death as observed in patients with Alzheimer disease. Fibrillar amyloid b protein (Ab) is the principal component of amyloid plaques in (27) . In another study, lyophilized powder of walnut extract dissolved in 7.4-pH Tris-HCL buffer solution reduced Ab-mediated cell death, DNA damage, and generation of reactive oxygen species in a concentrationdependent manner. This effect of walnut extract may be attributable to the active compounds present in walnuts, which increase the capacity of endogenous antioxidant defenses and modulate the cellular redox state (28) . A recent study (29) assessed if pretreatment of primary hippocampal neurons with walnut extract or PUFAs would protect cells against dopamine-and LPS-mediated cell death and calcium dysregulation. Results indicated that walnut extract, a-linolenic acid, and DHA provided substantial protection against cell death and calcium dysregulation. It seems that walnut extract may protect against age-related cellular dysfunction. The direct applicability of in vitro studies might be limited, but they do suggest that diets rich in walnuts could possibly reduce Ab-mediated toxicity, cell death, formation of plaques, and age-related dysfunction.
Human studies
Nuts are a traditional component of the Mediterranean diet. Two recent publications (30, 31) from the Prevención con Dieta Mediterránea (PREDIMED) study found that nut consumption could help individuals with depression and counteract age-related cognitive decline. PREDIMED is a large parallel-group, multicenter, randomized controlled clinical trial designed to ascertain the effects of a Mediterranean diet on primary prevention of cardiovascular disease. Participants in the study were randomly assigned to 3 intervention arms: a Mediterranean diet supplemented with virgin olive oil (1 L/wk), a Mediterranean diet supplemented with 30 g of mixed nuts/d (15 g walnuts, 7.5 g almonds, 7.5 g hazelnuts), or a low-fat control diet (32) . The study started in 2003 and was completed in 2011, with an average follow-up of 5 y.
Three years into the clinical trial, researchers were able to show that adherence to a Mediterranean dietary pattern supplemented with nuts seemed to improve plasma brain-derived neurotrophic factor (BDNF) concentrations, specifically among patients with depression (30) . BDNF is related to such actions as synaptic plasticity, neuronal survival and differentiation, axonal elongation, and neurotransmitter release (33) . Low concentrations have been associated with neurodegenerative disorders such as epilepsy, Alzheimer disease, Huntington disease, autism, schizophrenia, and major depression, whereas higher concentrations are associated with the prevention of memory loss and cognitive impairment (34, 35) .
PREDIMED participants from the Barcelona sample underwent neuropsychological testing to assess their cognitive function (31) . Researchers found that dietary habits associated with higher intakes of both total olive oil and virgin olive oil, coffee, walnuts, and wine were associated with better memory function and global cognition. Walnut, but not other nut, consumption was specifically associated with better working memory scores. The common characteristic of all of these foods that are associated with improved cognition is their high polyphenol content.
In the latest PREDIMED report (18) the relative risk of stroke was significantly reduced by 46% by the Mediterranean diet supplemented with nuts. These findings are of great significance because stroke is at the center of the vascular mediation of cognitive deterioration associated with aging.
A recent study was designed to investigate the effect of dietary walnut supplementation on cognitive performance in young adults (36) . In a double-blind, randomized, placebo-controlled crossover design, students were assigned to consume banana bread for 8 wk with or without 60 g walnuts, with a 6-wk washout period in between. Data were collected for nonverbal and verbal reasoning, memory, and mood. In this short-term supplementation study, there was no effect on memory, mood, or nonverbal reasoning; however, a significant increase in inferential verbal reasoning was observed. Small improvements attributable to walnut consumption in healthy, cognitively intact young adults could translate into important outcomes in aging populations (24) .
As was recently reported in the Doetinchem Cohort Study (37), higher intakes of nuts were associated with significantly elevated cognitive functions (memory, speed, cognitive flexibility, and global cognitive function) at baseline. The difference in cognitive functions between the lowest and the highest quintile of nut consumption was equivalent to a 5-to 8-y difference in age. However, there was no significant change observed in cognitive function at the second testing after 5 y.
All of these studies provide substantial support for the hypothesis that the synergy and interaction of all of the nutrients and other bioactive components in nuts might have a beneficial effect on the brain and cognition. Regular nut consumption may be used as an adjunctive therapeutic strategy in the treatment of several neurodegenerative diseases as well as in the treatment of agerelated brain dysfunction.
Berries and cognition
Animal studies
The first study to show the beneficial effect of berry consumption on cognitive abilities was published in 1999, almost a decade earlier than the first nut study (38) . In this study, aged 19-mo-old F344 male inbred albino rats whose diet contained 1.86% lyophilized blueberry or 1.48% lyophilized strawberry (matched according to antioxidant activity) showed improved performance in a working memory version of the MWM relative to rats fed a control diet (AIN-93, a casein-based purified diet; American Institute of Nutrition). In addition, blueberry-fed animals showed enhanced balance on the rod-walking and rotarod tests relative to controls. A subsequent study found that the beneficial effects of 2% blueberry supplementation were also discernible in an already well-balanced diet (a modified NIH-31 diet, a natural ingredient, cereal-based diet) because balance, coordination, working, and reference memory were still protected (39) .
Anthocyanin compounds in blueberries were found to cross the blood-brain barrier and enter the brain (40) . In fact, the amount of total anthocyanins found in the cortex and hippocampus correlated significantly with MWM behavior, in that rats with higher cortical anthocyanin concentrations had shorter latencies on reversal learning and rats with higher hippocampal anthocyanin concentrations exhibited enhanced spatial learning on the probe trial, indicated by increased crossings of the previous location of the platform. These findings show that, once consumed, dietary polyphenols from blueberries are both neuroavailable and localize in various brain regions that are important for learning and memory.
Novel object testing is also improved by blueberry supplementation (41) . In a study designed to test possible mechanisms for the beneficial effects of blueberry supplementation in aged organisms, F344 rats explored 2 identical objects placed within an arena. After a 30-s or a 60-min delay, the animals were returned to the arena in which there was one familiar and one novel object. Rodents that remember the familiar object will explore a novel object more than they will a familiar one. In the 60-min delay condition only, aged (19-mo-old) 2% blueberry-fed (for 4 mo) animals spent more time with the novel object, compared with age-matched controls, which was not different from young (4-mo-old) rats, indicating improved memory. Furthermore, aged rats fed the control diet showed significantly higher nuclear transcription factor kB (NF-kB) concentrations than did young rats in all brain regions; however, aged blueberry-fed rats showed attenuated NF-kB concentrations in the frontal cortex, hippocampus, striatum, and cerebellum, which were similar to those of the young rats. In addition, a significant negative correlation was found among the aged rats between the percentage of time spent investigating the novel object and the amount of NF-kB proteins, averaged across the brain regions. This study suggests that blueberry supplementation attenuates age-related object recognition memory impairment through reduction in aging-induced oxidative stress and inflammation, as measured by NF-kB concentrations in the brain.
The time course of dietary blueberry's effects was investigated in another study in this laboratory (42) . In aging F344 rats, agerelated object memory decline was reversed and prevented by maintenance for 1 mo on a 2% blueberry-enriched diet. However, feeding rats a blueberry-enriched diet for 2 mo resulted in a more prolonged benefit after diet termination in that they showed no decline in performance after 2 or 4 wk with the control diet. Conversely, rats that were only fed the blueberry diet for 1 mo showed a decline in performance after 2 wk and were not significantly different from the age-matched controls after 4 wk with the control diet. An additional experiment showed that 19-mo-old rats with age-related memory declines in object memory performance that were subsequently placed on a blueberry diet for 1 mo had significant improvements in object memory recognition; no improvements were seen in the control group. These findings show that deficits in cognition are reversed in aged rats with as little as 1 mo of dietary supplementation with blueberry; however, at least 2 mo of supplementation are required to maintain the benefit long term.
Supplementation with a 2% blueberry diet (2% wt:wt) for 12 wk improved, within 3 wk, the performance of aged outbred hooded Lister rats in a spatial working memory task by decreasing errors and latencies in a modified food-motivated plus maze (43) . In addition, possible mechanisms for these beneficial effects were examined when memory performance correlated with the activation of cAMP-response element-binding protein (CREB) and increases in both precursor and mature concentrations of BDNF in the hippocampus, which were accompanied by increases in the phosphorylation state of extracellular signal-related kinase (ERK). These results suggest that blueberry supplementation may invoke changes in spatial working memory in aged animals that are linked to the ERK-CREB-BDNF pathway.
To study the genoprotective effects of blueberries, cognitive performance was investigated in mice by using step-down inhibitory avoidance, open-field habituation, and elevated plusmaze tasks (44) . Feeding blueberry extract containing either a low (0.6-1 mg $ kg
) concentration of anthocyanin significantly enhanced long-term memory in the inhibitory avoidance task, induced an increase in the number of crossings during open-field habituation, and had an anxiolytic effect in the elevated plus-maze task. Moreover, the extract reduced oxidative DNA damage in brain tissue in vitro, possibly a result of the antioxidant activity of the blueberry polyphenols.
Other berry fruit has also shown age-related improvements in brain and behavioral function, including blackberries. After 2 mo, aged (19-mo-old) F344 rats whose diet contained 2% blackberry showed improved motor performance on 3 tasks that rely on balance and coordination (the accelerating rotarod, wire suspension, and the small plank walk) and greater working, or shortterm, memory performance in the MWM relative to aged matched rats fed a control diet (45) .
In another study (46) , aged F344 rats were fed a control diet or diets containing either 2% blueberry, 2% cranberry, 2% blackcurrant, or 2% boysenberry for 2 mo. The blackcurrant and cranberry diets enhanced neuronal signal transduction as measured by striatal dopamine release, whereas the blueberry and cranberry diets were effective in ameliorating deficits in inclined screen performance, suggesting increased muscle tone and control, and hippocampal heat shock protein 70 neuroprotection; the changes in heat shock protein 70 were positively correlated 350S PRIBIS AND SHUKITT-HALE with performance on the inclined screen, suggesting another possible mechanism of action for berry fruit.
In another study, aged F344 rats (19-mo-old) were fed 10% or 50% Concord grape juice (identical to juice that humans consume) or an isocaloric placebo for a period of 2 mo (47) . Rats that drank the 10% grape juice had improvements in oxotremorine enhancement of K + -evoked release of dopamine from striatal slices and in cognitive performance on the MWM. Rats that consumed the 50% grape juice exhibited improvements in motor function, specifically enhanced balance on the rod and plank walking tasks, as well as increased forelimb strength on a wire suspension task relative to rats that consumed placebo.
In a model of vascular dementia, orally administered mulberry fruit extract (2, 10, and 50 mg/kg) was studied for its protective effects and possible mechanisms of action on memory impairment and brain damage (48) . Rats fed mulberry (particularly the 10-mg/kg dose) before and after the occlusion of the right middle cerebral artery showed enhanced memory, decreased oxidative stress, increased densities of neurons and cholinergic neurons in the hippocampus, and enhanced densities of Bcl-2-immunopositive neurons together with the suppression of acetylcholinesterase in the hippocampus. The authors attributed the neuroprotective effect of mulberry to increased cholinergic function via decreased oxidative stress and apoptosis.
In the past 10 y, studies have examined the possible mechanisms of action behind the neuronal and behavioral improvements with berries, such as anti-inflammatory activities or changes in neuronal signaling capability. These studies were reviewed in the Journal of Agriculture and Food Chemistry in 2008 (49) and recently updated in the same journal (50) . Briefly, the possible mechanisms include the following: direct effects on signaling to enhance neuronal communication, the ability to buffer against excess calcium, increased neurogenesis, alterations in neuronal morphology, enhancement of neuroprotective stress shock proteins, alteration of inflammatory gene expression and protection against neurodegeneration after excitotoxic stress, and reduction in stress signals such as NF-kB (47, 48) .
Human studies
Recent clinical trials have extended these effects on cognition to humans. Daily supplementation of between 6 and 9 mL blueberry juice/kg for 12 wk among older individuals with mild cognitive impairment (n = 9) improved cognitive function, particularly with respect to improved paired-associate learning, word list recall, and reduced depressive symptoms (51) . To explore the effect of grape juice on cognition, participants with early memory decline consumed either Concord grape juice (6-9 mL/kg; n = 5) or an isocaloric placebo (n = 7) in addition to their normal diet for 3 mo (52). Grape juice intake significantly improved the acquisition of word lists on the California Verbal Learning Test II and showed trends toward improvements in delayed verbal recall and spatial memory, as measured by the spatial paired-associate test, relative to participants who consumed the placebo beverage. These studies show that moderateduration dietary supplementation with berry fruit is capable of altering cognitive performance in humans, perhaps forestalling or reversing the effects of neurodegeneration in aging.
Furthermore, a recent epidemiologic study from the Nurse's Health Study showed that greater intakes of blueberries and strawberries were associated with slower rates of cognitive decline in an analytic sample consisting of 16,010 women .70 y of age, as were greater intakes of anthocyanidins and total flavonoids (53) . The authors concluded that berry intake delayed cognitive aging by up to 2.5 y.
CONCLUSIONS AND FUTURE RESEARCH
In the past 20 y, nutritional neuroscience has emerged as a recognized discipline with the potential to make significant contributions to our understating of the relation between nutrition and cognitive functions (54) . Animal studies indicate that different neural systems and cognition can be affected by short-and long-term supplementation with nuts, berries, or both. The evidence from human trials, although limited, suggests potential positive effects, particularly among older patients, on memory function, global cognition, and depression.
Future research should focus on epidemiologic and short-and long-term clinical studies because the evidence from human studies is limited and equivocal. Short-term clinical trials could focus on cognitive disorders such as depression, seasonal disorder, and attention-deficit hyperactivity disorder, whereas long-term trials could focus on prevention and treatment of neurodegenerative diseases and age-related brain dysfunction. In conclusion, there is growing evidence that the inclusion of nuts and berries in the diet can provide a significant beneficial effect on the brain and cognition.
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